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Abstract
   During an earthquake, undrained cyclic loading is given to saturated soil layers in slopes because the stress change 
during earthquakes is rapid. For reproducing the stress condition in a slope during earthquakes, a cyclic loading ring 
shear apparatus had been developed in Kyoto University. For this work, the shear box of the apparatus has been im-
proved for the tests under undrained state and for monitoring the generation of pore pressure during shear. 
   Catastrophic landslides are often caused in granular soils such as volcanic deposits (i. e., pumice), unindurated wind 
deposits (i. e.,  loess) and so on. In the present study, undrained cyclic loading ring shear tests were carried out using 
three  samples  : pumice taken from the Ontake landslide triggered by the 1984 Nagano—Ken—Seibu earthquake (Nagano 
prefecture, Japan),  loess from Lishan (Xian, China), and the Toyoura standard sand (beach sand) for comparison with 
the former two samples. 
   The pumice showed a rapid increase of pore pressure after failure and fast shear motion took  place  ; the  loess ex-
hibited a gradual pore pressure build—up during cyclic loading and reached failure under a relatively small cyclic loading 
stress. In order to examine the influence of seismic loading direction, two conditions in which either the seismic stress is 
given in an almost horizontal direction or in an almost vertical direction are reproduced in the apparatus. The horizontal 
seismic force is usually considered to be much more dangerous than the vertical loading. However, according to the test 
results of pumice and  loess samples, the magnitude of loaded stress necessary to cause failure in the vertical seismic 
loading was almost same with that in the horizontal seismic loading. This is attributed to the variation in pore pressure 
generation depending on the seismic loading directions. 
   The test apparatus and the methods adopted in this study made it possible to assess the pore pressure generation in a 
saturated  soil  layer and its shear behavior in slopes subjected to undrained cyclic loading caused by an earthquake.
1. Introduction
   The necessity to study the mechanism of catastrophic landslides triggered by earthquakes 
has been recognized by many landslide researchers. Most studies from a soil mechanical 
approach have been based on the principle of subjecting a representative soil element to the 
same stress—strain condition in the laboratory as would be encountered in the field, and to 
assess the probable field performance from the resulting behavior of the laboratory test 
specimens. 
   Reproducing the stress condition of soils in slopes during an earthquake is not easy, and
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the number of researchers focusing on this aspect is very limited. However, for evaluating the 
dynamic behavior of soils in a horizontal ground, much effort using the conventional ap-
paratus have been made to study liquefaction and the dynamic friction angle. 
 1.  1 Review of previous works 
   Liquefaction took place on the horizontal alluvial sand deposits in the Niigata earthquake 
(Niigata, Japan, 1964) and other events. The stress condition under a horizontal ground sur-
face is shown in Fig. 1. Before an earthquake, there is no initial shear stress on the horizontal 
plane  (Fig.  1(a)). During an earthquake, the normal stress on this plane remains constant 
while cyclic shear stress is induced for the duration of ground shaking  Fig.  1(b) and (c). 
After the severe damage caused by the Niigata earthquake, the study of liquefaction has 
become a major focus of many investigations. 
   The most common experiment for liquefaction was conducted for the first time by Seed 
and  Lee  °. They tried to reproduce the stress condition during an earthquake by cyclic loading 
 triaxial compression tests. As they noted, in  triaxial tests, even if the axial stress increases by 
an amount,  ad and simultaneously the all—around confining pressure on the specimens reduces 
by an equal amount,  ad, the effect of the reduction in all—around pressure would simply reduce 
the pore pressure in the saturated sample by  ad without causing any change in the effective 
stress in the sample. Therefore, in the real tests only the vertical stress is changed. In the 
 triaxial tests,  since the location of shear surface cannot be decided, it is neither possible to con-
trol the stress condition on a shear surface, nor to estimate the shear surface area precisely. 
   Seed and  Peacock  2) tried to explain the stress condition during earthquake using the cyclic 
simple shear apparatus. From the test results, they concluded that the filed loading conditions 
were, in principle, correctly simulated in the laboratory. Both in the field and in the laborato-
ry tests, the soil elements are consolidated under an effective overburden pressure and a lateral 
pressure. During an earthquake or cyclic loading in the laboratory, the soil element is sub-
jected to horizontal and vertical shear stress. 
   Deformation of samples before and after failure in triaxial tests and simple shear tests are 
shown in Fig. 2. In triaxial tests, in addition to the encountered inaccuracy due to the un-
known location of the shear surface, the area of the shear surface changes  (Fig.  2 a)), and 
large deformation makes it difficult to evaluate the stress on the shear surface. For the lique-
faction test, there is no problem, but, it poses a difficulty if the test is to be applied to  land-
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          Fig. 1 Stress condition for a soil layer under horizontal ground surface before 
                and during an earthquake.
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             Fig. 2 Deformation of samples in the triaxial tests a) and in the simple shear tests b). 
     slides. In the simple shear test, the area of shear surface is kept constant, but when a large 
    displacement takes place  (Fig.  2 b)), the area on which the normal stress is loaded will 
      decrease. 
        Ishihara and Yasuda 3) used a hollow cylinder triaxial apparatus for liquefaction tests. To 
     consolidate the sample under an all—around pressure, an axial stress as well as a cell pressure in 
    the hollow and to the outside were applied. Then a cyclic torsional shear stress (r d) was 
    loaded under the undrained condition. This test does not have the shortcomings described in 
    Fig.  2  ; the area of shear surface can be kept constant in respect to the normal stress and the 
    shear stress. This apparatus will be appropriate for reproducing the stress conditions in slopes 
    as well as in horizontal ground. However, tests with a very large shear displacement like in 
    the ring shear apparatus cannot be performed due to limitations of the rubber membrane. 
    Tests in this investigation were only focused on liquefaction under a horizontal ground. 
        Another important soil characteristic relating to earthquake loading is dynamic friction 
     angle. Shibata and Yukitomo 4) used a triaxial test apparatus to carry out triaxial vibration 
     tests for estimation dynamic friction angle of dry and saturated sands. In this method a con-
     stant magnitude of cyclic cell pressure and a gradually increasing magnitude of cyclic axial 
     stress were applied, so that, dynamic stress change may take place along the dynamic failure 
    line at failure and the precise dynamic friction angle may be evaluated. This work did not aim 
     at reproducing the initial stress before an earthquake and cyclic stress during earthquakes in 
     slopes. 
        For evaluating the soil characteristics at several sites of landslides that occurred during 
     earthquakes,  Ishihara  5) used a cyclic loading triaxial apparatus similar to that used by Seed 
     and  Lee'). However he applied an initial shear stress in his test procedure. In this method of 
     triaxial test, isotropically consolidated specimens were first subjected to a certain level of initial
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axial  stress under the drained condition, and then subjected to a series of cyclic loads in the 
axial direction. His work aimed at studying shear strength mobilized during earthquakes. 
   The most important characteristic of landslides is a very long shear displacement along 
the sliding surface. Large displacement cannot be reproduced in triaxial tests, simple shear 
tests and hollow cylinder triaxial tests in which the shear displacements are only a few cen-
timeters. In the ring shear apparatus, shear displacement as long as a real landslide is possible, 
which is one of the major advantages of this apparatus. Development of the ring shear 
apparatus was reviewed by Bishop, et  al.°. Later,  Lemos, et  al.') tried to study the effect of 
earthquake loading on soil strength using a conventional ring shear apparatus. They changed 
the shear speed from 0.01  mm/min to 400  mm/min. They found that some soils had positive 
rate effect that could produce slow failure during earthquakes, whereas in one sample there 
was a negative rate effect that could produce fast failure. 
   Yatabe, et  al.') investigated the residual friction angle of clayey soils from landslides that 
had occurred in a metamorphic region using a conventional constant—speed ring shear appara-
tus. They monitored pore pressure generation by inserting a stainless needle near the shear 
surface from the bottom. 
   These series of ring shear apparatuses were the same as the conventional ring shear ap-
paratus in respect to speed control. However, to simulate the behavior of soils under cyclic 
loading for the mechanism of earthquake—induced landslides, cyclic shear stress loading and 
cyclic  normal stress loading are necessary. In 1992,  Sassa9) developed a new torque—control 
cyclic loading ring shear apparatus for reproducing the stress condition in slopes during earth-
quakes. He performed a series of  constant—volume cyclic loading tests employing the  Ontake 
pumice (Ontake landslide, Nagano Prefecture, Japan 1984) to interpret the mechanism of this 
landslide. It was the first ring shear apparatus that was capable of shear stress control (not 
shear speed). He monitored pore pressure generation using needles that were inserted near the 
shear surface. The shear box was for drained tests, so that undrained tests were not per-
formed. 
   Shoaei and  Sassam) used the newly—developed cyclic loading ring shear apparatus for in-
terpreting the mechanism of some landslides triggered by the 1990 Iran earthquake.  In the 
tests of this investigation, initial normal stress was kept constant and cyclic shear stress was 
applied. Pore pressure was not measured, so that the dynamic friction angle in the total stress 
concept was examined. 
 1.  2 Significance and aim of this work 
   (1) Undrained cyclic loading  tests  : In a saturated state, the dynamic stress changes due 
to earthquakes (0.5 to 10 Hz) should correspond to the undrained loading condition, thus, re-
sulting in pore pressure generation. To reproduce an undrained loading state in the labora-
tory, modification of the shear box was tried in this work and a better monitoring system of 
pore pressure was designed for measuring the average value of pore pressure over the whole 
shear surface during a long shear displacement. 
   (2) Reproducing seismic stress  directions  : Before an earthquake, a soil element in a 
slope is subjected to the initial shear stress  r° and the initial normal stress  Q°. In many cases 
it appears that the main forces acting on a soil element in the field during an earthquake are
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    Fig. 3 Stress condition in the field and in the stress diagram due to the horizontal acceleration of 
          earthquake a) and due to the vertical acceleration of earthquake b).
those resulting from the upward propagation of S—wave (shear wave) from the underlying 
rock formation. Such a horizontal seismic force will be superimposed on the initial shear 
stress  r  0 and the initial normal stress  o-0. This stress condition in the slope and in the stress 
diagram is shown in Fig. 3 a). 
   Another extreme type of seismic force is vertical shaking. This can be caused, for in-
stance, by the P—wave (dilational wave) part of a very close, strong event. This stress condi-
tion in the slope and in the stress diagram is shown in Fig. 3 b).
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   However, during a real earthquake, the vertical force may hit the slopes first, and the 
horizontal force will come later, or a combination of vertical and horizontal forces may hit the 
slopes simultaneously. In this work, the effects of the above mentioned two types of seismic 
loading will be analyzed independently for simplification. 
   (3) Shear  characteristics  : Many catastrophic landslides during earthquakes occur in 
fully saturated granular non cohesive soils such as silty sands, pumice,  loess and so on. The 
shear characteristics are different due to different soil textures. These different shear behav-
iors of soils obtained from the test results can be used for assessing the occurrence of land-
slides and their post—failure motion during earthquakes. For this purpose, two natural samples 
of pumice and  loess in which the occurrence of many landslides have been reported were se-
lected. 
2. Test apparatus 
2. 1 General design 
 Fig.  4 is a schematic diagram of the apparatus. Sample (I) is placed in the ring shear 
box. The outer steel cases of the shear box are provided with rectangular windows of transpa-
rent acrylic resin which makes the sample visible during the test. The lower half rotates by a 
servo motor (rotating parts are marked with dots in the figure), while its upper half (slightly 
moving parts are marked with inclined dash in the figure) is retained to the stable base 
through a load cell (C3) to measure shear resistance. 
   The front view of the apparatus is presented in Photo  I. The lower half of the shear box, 
the sample and its shear zone after shearing are shown in Photo 2. The inner diameter of the 
shear box is 21.0 cm, the outer diameter is 31.0 cm and the shear area is 408.4  cm'. The 
depth of the shear box under the shearing plane is 4.0 cm, the height over the shear plane is 
7.0 cm and the height of sample above the shear plane depends on the volume change during 
consolidation. Twelve porous disks (metal filters) are fixed to the loading plate (H) and to 
the base to allow drainage. Pins are fitted in the base and the loading plate in order to prevent 
the slipping of the two halves of the sample inside the shear box. The rubber edges  (J) are af-
fixed to the lower edges of the inner and the outer rings in order to prevent leakage of sample 
and water during consolidation and shearing. 
 2.2 Pore pressure measuring set 
   The accurate measurement of pore pressure was one of the biggest problems during this 
work. Many attempts to measure the average value of generated pore pressure along the 
whole shear zone were made. 
   First, the measurement of pore pressure was tried by needles. For this purpose the need-
les with their tips covered by porous stone were inserted at  pre—determined heights inside the 
sample from the upper part and were fixed to the upper lid. The outlets of the needles were 
connected to the pore pressure transducer. The result of the test was not satisfactory because 
of certain shortcomings in the  system  ; 1) the area of the porous stone (covering the needle 
tips) was insufficient, and pore pressure measurements were delayed in the low permeable soils
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     Fig. 4 Schematic diagram of the  undrained cyclic loading ring shear  apparatus.
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during rapid normal stress loading or rapid shearing. 2) the thickness of the shear zone was 
different for various samples, so that the prediction of the right heights of the needle tips was 
very difficult. In many tests, soon after the shearing started, the needles were bent and 
broken. 
   To avoid these problems, a method of pore pressure measurement by a set built on the 
inner ring was tried. In this method, two gutters with the dimensions of 3 X 3 mm and 6 cm 
long were built in the lower part (at the height of 2 mm above the shear plan) of the inner 
ring. These gutters were covered by porous stone and were connected to the pore pressure 
transducer by copper pipes. The result was satisfactory during consolidation of samples. 
 However, since the porous stone surface area was still insufficient, soon after shearing started, 
the porous stone often became clogged by fine grains generated along the shear zone, causing 
appreciable error in the results. We need the average value of pore water pressure because 
normal stress and shear stress are measured on average over the whole shear plane, while this 
method only produced a local measurement, not giving the average value of generated pore 
pressure along the shear zone. 
   Finally, a method of pore pressure measurement along the whole circumference of the 
upper edge of the outer—upper part was designed. This method was very successful and was 
used for this work. As shown in Fig. 5 a), Pore pressure is measured at a level of 2 mm above 
the shear plane. The gutter (4 X 4 mm) along the whole circumference was built near the 
lower end of the outer—upper part (stable part, Photo 3 a)) of the shear box. Two annular 
metal filters with pore—sizes of 100  gm and 40  gm respectively (from inside) were placed 
inside the annular gutter. A felt fabric cloth was placed between these two metal filters to 
prevent the outside (40  tan) metal filter from becoming clogged with clay particles. The pore 
pressure in the shear zone was monitored by a pressure transducer (C4 in Fig. 4, shown in 
Photo 3 b), which was directly screwed to the elbow on the side of the outer—upper part of the 
sample box. 
 2.  3 Undrained shear box 
   As shown in Fig. 5b), the loading plate was sealed by two "0" rings. To prevent leakage 
from the gap between the two halves of the sample box, the optimum elasticity of rubber edges 
is necessary, which proved to be 45° (Rubber Hardness Index, 45°  HS). Rubber edges of 7 
mm thickness were affixed to the lower rings (Photo 2). For a higher contact stress, the sur-
face of the rubber edges facing the stainless steel of the upper halves were cut in stair—shape, 
and constantly pressed under 100 kgf. These edges were, thus, able to maintain the undrained 
state under 3.0  kgf/cm2 water pressure. The surface of the rubber edges were coated by 
Teflon spray in order to reduce friction. Drainage was allowed by keeping the upper and 
lower valves (F and K in Fig. 4) open during consolidation and draining tests. The undrained 
condition was maintained by keeping the two valves closed. 
   The extent to which the undrained condition of the shear box is maintained was checked 
as  follows  : any air in the water path on the base of the sample box was initially removed. The 
upper lid of the sample box was then fixed and the sample box was filled with de—aired water. 
Next, the air from upper drainage path was also removed. After closing the drainage valves, 
the water was loaded to the level of 2.9  kgf/cm2 of normal stress. At this stage, the loading
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axis of the air piston was locked by a stopper (D in Fig. 4). The position of the loading plate 
was then fixed. Due to the position of C2 load cell in Fig. 4, any small amount of water leak-
age should result in a high decrease in the values of normal stress and water pressure. Then 
the shearing with shear velocity of 30 cm/sec was applied. Fig. 6 is a result of this test. 
During 54 m of shearing, neither the level of the normal stress nor the water pressure changed,
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which  confirmed that no leakage occurred during high speed shearing and the undrained con-
dition was successfully achieved. 
   The  normal stress loading system, shearstress loading system, gap control system and also 
calculations of noal stress, shear stress andshear resistance are presented in the Appendix. 
 2.4 Characteristics of the undrained cyclic loading ring shear apparatus
   The major characteristics of theapparatusused in this study are summarized  below  : 
   (1) The position of shear planeisapre—decided and a clear shear planeisformed inside 
                             i the sample which s not he casein triaxial tests. This plane can be consideredasa potential 
sliding surface in the field. The initial stress condition of the normal stress and the shear
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   Fig. 6 The result of the test for checkingthe undraining precision of the shear box during shear. 
stress can be applied to this pre–decided plane in order to reproduce the initial stress condition 
in the field before an earthquake (Fig. 7). 
   (2) Both initial normal stress and initial shear stress are applied by using an air servo 
valve and a servo motor, both operated through a personal computer and two servo amplifiers. 
Feedback signals from the relative load cell and transducer are sent to the servo amplifiers, so 
that the level of stress during consolidation, initial shear stress loading and cyclic loading can 
be automatically controlled. After attaining the initial stress level, the cyclic loads of the 
normal stress and the shear stress can be superimposed on this initial stress using the servo 
control system. The number of cycles, phase difference between the cyclic shear and cyclic 
normal stress and the amplitude of cyclic loading can be controlled so as to reproduce differ-
ent stress conditions in the slopes during actual earthquakes. 
    (3) The development of undrained shear box together with the measurement of pore 
pressure along the shear zone makes this apparatus capable of studying the role of effective 
stress as well as the total stress on the slope stability during an earthquake.
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3. Samples and test procedure 
 3.  1 Samples 
   As mentioned above, many catastrophic landslides during earthquakes occur in fully satu-
rated granular non cohesive soils such as pumice,  loess, silty sands and so on. Due to the dif-
ference in grain—size distribution and grain texture, the mechanism of pore pressure generation 
and shear behavior of soils are different. For this study three samples were selected. 
   (1)  Pumice  : This sample was collected from the source area of the Ontake landslide 
triggered by the 1984 Nagano—Ken—Seibu earthquake. The sample was composed of medium 
to coarse grains. The grain—size distribution plot of this sample is shown in Fig. 8. The 
pumice grains are normally granular aggregates with rough surfaces that are characterized by 
high interlocking. 
   (2)  Loess  : This sample is a typical Chinese  loess that was collected from Lishan  (Xian— 
China). The grain—size distribution of this sample, mainly composed of fine grains, is shown 
in Fig. 8. 
   (3) Toyoura standard  sand  : The grain—size distribution of the sample of so called 
Toyoura standard sand (beach sand) is shown in Fig. 8. It is mainly composed of medium 
grains with low susceptibility to grain crushing during shearing. Some physical properties of 
the samples employed are shown in Table 1. 
   The dynamic friction angles for these samples were determined in accordance with the 
 Mohr—Coulomb law for non cohesive sample. 
 rf=u  tan  0  d (3-1) 
where  v.,-  : shear stress at failure,  a  : normal stress,  0  d: dynamic friction angle. The failure 
line for each test was drawn by considering the values of  r  f and a when a relatively large shear 
displacement started.
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     Table 1 Some physical properties of the employed samples and B  D value of each test 
             measured after consolidation. 
    Samle Test No.  G,  7d  7d k (cm/s)  e BD                                    (Field) (Test) 
   Toyoura sand  T-Sand-1 2.64 - 1.48 3.3 X 10  -2 0.78 0.97 
               T-Sand-2 2.64 1.48  3.3  X  10  -2 0.78 0.98 
   Pumice  Pumice-1 2.67 0.70 0.70  2.5  X  10  -3 2.81 0.98 
                 Pumice-2 2.67 0.70 0.71 3.3 X 10  -3 2.76 0.96 
   Loess  Loess-1  2.71 1.51 1.58  7.0  X  10  -5 0.79 0.98 
                  Loess-2 2.71 1.51 1.59  7.0  X  10  -5 0.79 0.97 
 G,  : Specific gravity,  74  : Dry unit weight  (gf/cm3). k : Coefficient of permeability, e : Void ratio, 
 ED: Pore-pressure parameter. 
 3.2 Test procedure 
   (1) Selection of test  mode  : 
   (a) Undrained  condition  : Due to relatively high-frequency seismic loading (0.5-10 Hz), 
saturated granular soils in slopes during an earthquake are usually in the undrained state. 
Therefore, all tests were carried out using saturated samples under undrained condition. All 
cyclic loading tests were carried out after confirming the  B  D value (pore pressure parameter in 
the undrained direct shear state) to be greater than 0.95 before loading cyclic stress. 
   (b)  Frequency  : The frequency of strong earthquake tremors ranges from 0.5 to 10 Hz. 
Published conclusions on the effect of frequency are various. Peacock and Seed  11) showed 
that varying the frequency of stress cycles from 1/6 to 4 Hz produced little effect on the 
number of cycles causing liquefaction in sands in the simple shear test. Sand, being a relative-
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 ly permeable material, relying on no obviously time—dependent loading, might be expected to 
show little sensitivity to the rate of loading. Brown, et  al.12) stated that varying the frequency 
in the range 0.01 to 10 Hz has no significant effect on cyclic triaxial test results for Keuper 
marl (plasticity index 26). Pande and  Zienkiewicz  13) reviewed previous researches on the 
effect of frequency on soil strength and concluded that the effect of frequency on soil strength 
is greater for more plastic clays. Thus, it can be concluded that in non—plastic or low—plastic 
material the strain process is frequency—independent. 
   In this work, for accurate measurement of pore pressure and also for accurate control of 
cyclic stress, a low—frequency cyclic loading test was necessary. Since the employed samples 
were non plastic, a frequency of 0.1 Hz was used for cyclic loading tests. 
 (c) Cyclic  loading  : Preliminary tests showed that the residual pore pressure did not 
 build—up during cyclic loading in the Toyoura sand and pumice. Therefore, to obtain the am-
plitude of the loaded stress necessary to cause failure, a stepwise increase of the cyclic stress 
was applied. However, the  loess sample, exhibiting a gradual pore pressure build—up was sub-
jected to a constant amplitude cyclic stress. 
   (d) Loading  direction  : A slope angle (sliding surface angle) of  30° was considered for 
this study because this value is the most probable round number for earthquake—induced land-
slides. The relative amplitudes and phases of cyclic normal stress and cyclic shear stress were 
selected in order to simulate the resultant of cyclically loaded stress direction in vertical and 
horizontal tremors. These stress conditions in the  field and in the stress diagram are illu-
strated in Figs. 3 a) and  b). 
   (e) Loading type  A  : In this type of test, the cyclic shear stress and the cyclic normal 
stress were loaded to simulate the state of vertical seismic loading in slopes (Fig. 3 b)). The 
test program of applied sinusoidal stresses versus time plot is shown in Fig. 9  a)  : 
 a=a0±du=a0±kW  cos  6 sin  cot  (3-2) 
 r=r0-±ch-=r0±-kW  sin  B sin cot  (3-3) 
where  da  : increment of normal stress,  kW  : Seismic stress,  0  : Slope angle (30° in this work),  
: angular velocity,  a  : normal stress at any given stage,  a  0  : initial normal stress,  dr  : incre-
ment of shear stress,  r  : shear stress at any given stage, r  0  : initial shear stress. 
 (f) Loading type  B  : In this type of test, the cyclic shear stress and the cyclic normal 
stress were loaded to simulate the state of horizontal seismic loading in slopes (Fig. 3 a)). The 
test program of applied sinusoidal stresses versus time plot is shown in Fig. 9  b)  : 
 a=a0±da=cro±kW  cos  0 sin cot (3-4) 
 r=ro±dr=r0±kW  cos 0 sin  (cot-H-c)  (3-5) 
   (2) Sample  preparation  : Pumice and  loess in the  Quaternary deposits usually are not 
overconsolidated and undisturbed sampling is not possible for the ring shear test. Therefore, 
the disturbed samples were used so as to produce a normally consolidated state. The degree of 
saturation having a great effect on the generation of pore water pressure, full saturation was 
adopted in the sample preparation for the undrained tests.
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 (  a  ) : type A (vertical  seismic force), 
 (  b  ) : type B (horizontal seismic force). 
   For pumice and  loess saturation, the samples were mixed with de—aired water and stirred 
for a few hours and left for three days for dispersion of soil aggregates. They were then 
stirred again to obtain a slurry sample. The sample containers were heated to about 90 C° 
and were shaken to release the entrapped air bubbles inside the pores. The resulting slurries 
were stirred for about one hour until a liquid state resulted. Before pouring the slurry into the 
sample box, the water path on the base of the sample box was initially filled with  de—aired 
water. The shear box was then  filled with this water up to a level over the annular metal filter 
of the pore pressure measuring set. The slurry was poured slowly into the shear box and the 
water was displaced by slurry. Samples were then left for about one day for settlement. For 
standard sand saturation (Toyoura sand), a dried sample was set in the sample box, and the 
sample box completely assembled. From the lower drainage valve,  CO2 gas was then passed 
through the sample. Next, de—aired water with a pressure of 0.5  kgf/cm2 was supplied into 
the sample from the lower drain valve until it came out from the upper drain valve. 
   (3) Loading  procedure  : After sample setting, consolidation under normal stress of about 
1.0  kgf/cm2 was allowed to proceed, and then the samples were loaded to the initial normal 
stress of the tests (about 2.0  kgf/cm2), with drainage being allowed from each end of the 
sample during consolidation. 
   To study pore pressure generation, high values of BD(  >0.95) were desirable. According 
to the preliminary tests,  BD value was high for the  loess sample. However, in the case of 
pumice and the Toyoura sand,  BD values measured after consolidation were not satisfactory 
 (<0.90). Therefore, back pressure of about 1  kgf/cm2 and 0.7  kgf/cm2 were used for the 
pumice and the Toyoura sand, respectively. Back pressure decreases the effect of any remain-
ing air inside the sample and causes a higher value of BD during the tests, and also results in 
the complete dissolution of used  CO2 gas in the water. After consolidation, the total normal 
stress and the back pressure were increased simultaneously by keeping the effective normal 
stress at 2.0 kgf/cm  2.
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   After checking that the BD value was higher than 0.95 (Table 1), the samples were loaded 
to the initial shear stress using the torque control servo motor (Q in Fig. 4). This stage was 
done carefully and very slowly to avoid any accidental large shear displacement. Then the 
cyclic loading tests were performed. 
 4.. Test results 
   Test results are presented in Fig. 10 to 21. Both stress changes in the total stress and in 
the effective stress were drawn. The loaded shear stress corresponds to the sum of the static 
and the seismic stress, and is not always the same as the shear resistance because the accelera-
tion of the landslide mass consumes a portion of the loaded stress. To simulate seismic stress, 
the loaded shear stress was controlled by a servo motor using the value monitored by the 
torque transducer (C7) as feedback signal (Fig.  A-1 b) in Appendix). The shear resistance 
mobilized on the shear surface during the tests was monitored by a shear load cell (C3 in Fig. 
4). The mass of the lower half of the rotating shear box was not great and the difference 
between the loaded shear stress and the shear resistance was not appreciable. The loaded shear 
stress dropped with a drop in shear resistance after  failure because of the speed limitation of 
the servo motor. The shear stress monitored by the torque transducer (C7) was used for the 
total stress path plot and the shear resistance monitored by the load cell (C3) was used for the 
effective stress path plot. 
4. 1 Ontake pumice 
   (1) Loading type  A  : The stress paths of this test are shown in Figs. 10 a) and b). The 
stress path of the total stress is a series of closed loops surrounding the previous loop. Unlike 
the pattern of the total stress, the effective stress path is a series of loops that move gradually 
leftwards due to a small amount of generated residual pore pressure. The effective dynamic 
friction angle  (q5  'd) was calculated to be 38.7': The time series data of shear displacement, pore 
pressure (measured at the shear zone) and cyclically loaded stresses are shown in Fig. 11 a), 
b) and  c), respectively. At the seventh cycle, shear with the maximum velocity initiated (the 
maximum shear velocity was 30 cm/s, which was limited by the maximum capacity of the 
servo motor, (Q in Fig. 4). 
   (2) Loading type  B  : The total stress path, the effective stress path and the time series 
data of monitored values are presented in Fig. 12 and 13. Pore pressure build—up was not ap-
preciable before failure, but increased sharply with the initiation of failure. Accordingly, the 
shear resistance decreased to a very low value. At the seventh cycle, shearing with the maxi-
mum velocity initiated. The effective dynamic friction angle  (0  ici) was calculated to be 38.9°, 
almost the same as that in the loading type A. 
 4.  2 Lishan Loess 
   (1) Loading type  A  : The total stress path diagram of this test is shown in Fig. 14 a) 
which shows a series of closed loops overlapping each other. The effective stress path diagram 
is shown in Fig. 14 b). From an initial stress state (point (I)), each successive loading cycle
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    Fig. 10 Total stress path a) and effective stress path b) in the test of pumice sample (loading type 
            A, Test  Pumice-1). 
 (I) : initial stress point,  (F) : stress point at failure,  rd=0.70gf/cm3,  e  =2.81,  U  b  =0.96 
             kgf/cm2,  B  D=  0.98. 
led to an increasingly positive pore pressure. This accumulation of positive pore pressure re-
duced the effective normal stress. The stress path moved left towards the failure line and in-
tersected it at point (F), at which point, the shear started. Shear displacement, pore pressure 
(measured at the shear zone) and cyclically loaded stresses versus time plots are shown in Fig. 
15 a), b) and c), respectively. Pore pressure building—up is clearly visualized. The effective 
dynamic friction angle  (cb  'd) was calculated to be  26.5?
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          loaded stresses  c) in the test of pumice sample (loading type A, Test  Pumice-1). 
   (2) Loading type  B  :  As with loading type A, constant amplitudes of cyclic normal stress 
and cyclic shear stress were applied. The total stress path and the effective stress path of this 
test are shown in Figs. 16 a) and b), respectively. The effective dynamic friction angle  (56  'd) 
was calculated to be 29.8°, a little higher than that in loading type A. The time series data of 
Shear displacement, pore pressure and cyclically loaded stresses are shown in Figs.  17 a), b)
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            kgf/cm2,  B  D=  0.96. 
and c), respectively. No appreciable shear displacement was observed during the first 4 cycles, 
but at the fifth cycle, failure occurred. 
 4.  3 Toyoura standard sand 
   (1) Loading type  A  : The stress path of the total stress is shown in Fig. 18 a), that is a
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series of closed loops surrounding the previous loop. Unlike the  loess sample, the effective 
stress path (Fig. 18 b)) is a series of closed loops, the same as the total loaded stress without 
leftward shifting. Shear displacement, pore pressure and cyclically loaded stresses versus time 
plots are shown in Fig. 19 a), b) and c), respectively. Only small shear displacement was ob-
served during each cycle when the loaded stress reached the failure line. At the eighth cycle,
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the effective dynamic friction angle  (0'd) was calculated to be 35.0If 
   (2) Loading type  B  : As shown in Fig. 20 a), the total stress in the stress diagram is 
nearly a straight line. Unlike the linear total stress path, the effective stress path (Fig. 20 b)) 
is a series of closed loops surrounding the previous  loop. Shear displacement, pore pressure 
and cyclically loaded stresses versus time plots of this test are shown in Fig. 21 a), b) and c), 
respectively. Only small shear displacement was observed after failure. The effective dynamic
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friction angle  (O d) was calculated to be 36.8°, a little higher than that in loading type A. 
 4.4 General remarks 
   The results of the pumice sample showed that it has almost the same strength for both
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types of cyclic loading. Before failure, the generation of positive and negative pore pressure 
was proportional to the cyclically loaded stresses, but the positive pore pressure increased 
sharply due to the collapse of the soil skeleton after failure. In the undrained shearing, col-
lapse of the structure results in the load being suddenly transferred from the grain skeleton to 
the pore water, causing a sharp increase in pore water pressure. As a result, the shear strength
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    Fig. 17 Time series data of the shear displacement a), the pore pressure b) and the cyclically 
          loaded stresses c) in the test of  loess sample (loading type B, Test Loess-2). 
is substantially reduced, and the sample undergoes a rapid deformation. In both tests for 
different types of cyclic loading, after failure the loaded shear stress showed a sudden drop 
and remained at a minimum value of about 0.2  kgf/cm  2 (much smaller than the initial loaded 
shear stress). It can be concluded that, slopes composed of pumice have relatively high shear 
strengths (38.7°  —38.9° in the dynamic friction angle) during earthquakes. However, when
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the seismic stress reaches the failure line, rapid failure occurs with a long travel distance. 
   In the case of the  loess sample, pore pressure built up gradually during cyclic loading 
before failure. After shear started, unlike the pumice sample, no sudden increase in pore pres-
sure and no drop in the loaded shear stress was observed. Shear velocity was low, a series of 
start-stop shearing was found during each cycle. It can be concluded that landslides in slopes
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that are composed of  loess can be triggered by relatively small amplitude of earthquake load-
ing, but it will not be a rapid failure. 
   In the case of Toyoura standard sand, the  well—rounded and well—sorted grains of sands 
resulted in a non—collapsible texture. Small strain along the shear zone did not result in gen-
eration of pore pressure. In the loading type A and B tests, only small shear displacement was
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observed when the loaded shear stress reached the failure line during each cycle. In this case, 
even if failure initiated (test  T—Sand-2 in Fig. 21 a)) the shear velocity would be very low 
with a small, limited shear displacement. No sudden decrease in loaded shear stress was ob-
served.
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5. Discussion of the test results 
 5.  1 Pore pressure parameters and effective stress direction 
   When a saturated soil deposit is subjected to cyclic loading in both normal stress and the 
shear stress directions, pore pressure will change depending on the state of the soil (dilative or 
compressible). Such change in the pore pressure is the most important component of the
30  Z.  SHOAEI and K SASSA 
cyclic characterization of soil deposits. Generation of pore pressure due to the stress incre-
ment can be expressed as  Skempton  14) did in the undrained triaxial compression  test  : 
 Au=  B(Aa  3+  A(Act  1—  Ja  3)) (5-1) 
where A and  B  : pore pressure parameters,  Au  ,  Au  3: increment of principal stresses. 
   Analogous to this equation, Sassa et  al.") and Sassa 16) suggested that pore pressure gen-
eration under the undrained direct shear state can be expressed as  follows  : 
 Au=  .13,(Au+  A  At) (5-2) 
where Au,  Az  : increment of normal and shear stresses,  AD, B  D: Pore pressure parameters in 
the direct shear state. 
   For fully saturated soil  BD=1.0, the effective normal stress in the undrained ring shear 
test (that is the direct shear state) is presented from Equation (5-2)  : 
          Au'  =  Au—  Au=  —  A  D  Az-  (5-3) 
   When the soil along the shear zone is in a dilative state,  AD value is negative and the ef-
fective normal stress increases  (+  Au'  ) with increments of the shear stress  (+Az). When the 
soil along the shear zone is in a compressible state,  AD value is positive and the effective 
normal stress decrease  (  Au ) with increments of shear stress (+  Ar). For soil of A  D=  0 the 
increment of the effective normal stress is zero. 
   For all the tests of this study, the  BD values after completion of consolidation were found 
to be between 0.96 to 0.98. Considering  BD=  1.0, the value of AD can be calculated as  fol-
lows : 
 Au-=  Au+  ADAr  (5-4) 
                    (Au—Au)   A D= (5-5)                                   Az- 
   Using Equation (5-5) the value of AD was calculated from  Aa(n),  Ar(n) and  Au(n) for 
 n  th cycles until just before the failure started  (n  : number of cycles) as shown in Fig. 22. Plots 
of the calculated  AD values versus the number of cycles of type A and B loading tests are 
shown in Figs. 23 a) and b), respectively. 
   In type A loading (Fig. 23  a)),  AD values in all samples were negative and almost all of 
values were within the range of  —0.8 to  —  1.4. In type B loading (Fig. 23  b)),  AD values in 
these samples were quite different.  AD values were negative in pumice, positive in  loess and 
changed from the positive to negative in Toyoura sand. 
   A negative  AD value means that the effective stress path has an up—right direction in the 
stress diagram, it is similar to the total stress direction in the vertical seismic loading. A posi-
tive  AD value means an  up—left effective stress direction, and is similar to the loaded stress
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                              Time (sec) 
                   Fig. 22 Calculation of A  D valuefrom the test results. 
direction in the case of horizontal seismic loading. 
   (1) Stress direction in the tests of loading type A: In the case of pumice sample (loading 
type A, Fig. 10  a)), the direction of the cyclically loaded total stress on the stress diagram was 
around  30? The effective stress path diagram of this test is shown in Fig. 10 b). The direction 
was almost similar, but showed a slight shift to the left. The movement of the open loops of 
the effective stress path toward the failure line is due to a small increase of the residual pore 
pressure (Fig. 11 b)). 
   In the case of  loess sample (loading type A, Fig. 14 a),  b)), the direction of the total 
stress path on the stress diagram is around  30? The effective stress path of this test was almost 
similar to that of the loaded total stress, but loops of the effective stress path shift gradually to 
the left towards the failure line. 
   In the Toyoura sand test, Fig. 18 a) and b), the direction of the total stress on the stress 
diagram is around  30° and the effective stress path has a similar up—right direction. 
   (2) Stress direction in the tests of loading type  B  : In pumice sample (Fig. 12 a)) the 
cyclically loaded total stress path on the stress diagram has an angle around  120? However, 
the effective stress path (Fig. 12 b)) has an angle of about  65° and is quite different from that 
of the total stress. 
   In the case of the  loess sample (Fig. 16 a)) in which, the direction of the total stress path 
in the stress diagram is around 130°, no great difference between the total stress direction (Fig.
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           Fig. 23  AD values of the tests of loadingtype A a), and loading type B b). 
16 b)) and effective stress direction was observed. 
   In the Toyoura sand test (test T—Sand-2), unlike the direction of the cyclically loaded 
total stress that has an angle around 120° (Fig. 20 a)), the effective stress path has different 
angles during each cycle (Fig. 20 b)). It is vertical in some parts (AD value is almost zero). 
However, its direction approaches that of the failure line in its upper part (negative AD value).
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The loops of the effective stress path of Toyoura sand are wider than those of pumice due to a 
different mechanism of pore pressure generation during each cycle. 
   In fully saturated soils in which the BD value is unity, soil behavior is controlled by the 
AD value, which varies according to sample and loading types. Though the difference of AD 
values in vertical loading (type A) was not great, it was rather diverse in the horizontal load-
ing (type B) (see Fig. 23 a) and b)). 
   The effective stress path direction is a very important factor in controlling the magnitude 
of seismic loading necessary to cause failure. 
 5.2 Application 
   In the cyclic loading test procedure, first, the sample is subjected to an initial normal 
stress (a0) and an initial shear stress  (v0) corresponding to the given potential sliding surface 
in the field (Fig. 24 a)). The initial shear stress in the field can be  defined  as  : 
 r0=  W  •  sin  0 (5-6) 
 Od 
 kf  w daf  
(  to)  kt  w 
 ij'Cf 
 dtif  CC 
 W 
 daf  (au,  to 
                    0 
  (a) (b) 
 Go,  : Initial stress , W:  Total weight of the soil column having a unit length along the slope, 
 kf W: Seismic stress necessary to cause failure,  dirf  : Incrementof shear stress on the shear 
  plane (shear esistance) at failure,  daf  : Increment of normal stress on the shear plane at failure, 
 4d: Dynamic friction angle,  0  : Slope angle, a: Angle between thedirection of the seismic stress 
  and the normal stress to the sliding surface. 
     Fig. 24 Illustration of the earthquake loading in the slope (a) and in the stress diagram (b).
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where  To: initial shear stress,  0  : slope angle in consideration,  W  : total weight of the soil 
column having a unit length along the  .slope. 
   Using the initial stress and the failure line of the dynamic friction angle (Fig. 24  b)), the 
seismic coefficient necessary to cause failure  (k  1) acting on a column in the slope is expressed 
as  follows9)'1°)  ; 
 kf  W=  da  f2  +  dz- (5-7) 
where  (dz-  f) and  (du  f) are increments of shear and normal stresses at failure. 
   From equation (5-6) and (5-7), 
                   + drjk  
f=t-• sin 0 (5-8) 
                                  0 
   For each sample, almost the same initial stress levels of the normal stress and the shear 
stress were loaded, followed by cyclic loading tests of two different types. Using the Equation 
(5-8), the seismic coefficient  (k  1) which is necessary to cause failure can be estimated  from  ; 
1) slope angle  (0),  (30° was used for all tests), 2) initial shear stress  (v0) and 3) the incre-
ments of the shear stress  (dz-f) and the normal stress  (da  f) at failure obtained from the test 
results. A summary of the cyclic loading test conditions and the calculated seismic coefficients 
are listed in Table 2. 
   Seismic loading may strike the slopes from various directions, horizontal loading is consi-
dered to be much more dangerous than vertical loading during an earthquake. Therefore, 
horizontal seismic force is usually considered in slope stability analysis  (Ohm and Narita  17), 
 Graham"). To discuss the effect of the stress direction on soil strength, three ideal cases are 
illustrated in Fig. 25. AB and AC are the directions in which the seismic stress is horizontal 
and parallel to the sliding surface, respectively. The seismic stress necessary to cause failure in 
the AC direction is greater than in AB, and  no failure is expected if the seismic stress is verti-
cal (AD direction). This hypothesis may be true for dry or partially saturated soils that 
generate no pore water pressure. However, in the case of saturated soils, the strength of the 
soil is highly affected by the direction of the effective stress that is controlled by pore pressure 
generation. 
   The tests results of the pumice and  loess samples showed that the seismic coefficient 
necessary to cause failure for two different directions of the cyclically loaded total stress 
showed no appreciable difference for each sample, though a slight difference was observed in 
the Toyoura sand results  (kfu, Table 2). Fig. 26 a) and b) present initial stress (point A  (On, 
 To)), the stress increments of the shear stress  (dz-  f) and the total normal stress  (daf) at failure 
in the test of pumice (Test Pumice-2) and of Toyoura sand (Test T—Sand-2) respectively. In 
test Pumice-2 (Fig. 26 a)) in which the seismic stress is horizontal, if no pore pressure was 
generated (i. e., dry sample or in the test under drained condition), the cyclic loading with the 
amplitude of AB would be enough to cause failure and the calculated seismic coefficient  (kfd) 
of this direction would be 0.13. However, the test result clarified the fact that the effective 
stress direction (up—right) was different from the loaded seismic stress direction (up—left)
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 dafil   8  
 A(6
0,  To) 
 0 
 60,  to:  Initial  stress  , kw:  Seismic  stress,  kf W: Seismic stress necessary to cause failure, 
 dtf  : Increment of shear stress on the shear plane at failure, daf  : Increment of normal 
   stress on the shear plane at failure,  (1)d  : Dynamic frictionangle,  8  : Slope angle 
     Fig. 25 Illustration of three possible seismic stress directions in the stress diagram when the 
           seismic force is horizontal (AB), parallel to the sliding surface (AC)or is vertical 
          (AD). 
because pore pressure was generated. In this case, the seismic coefficient necessary to cause 
failure  (kb) was calculated to be 0.29 and the seismic coefficient ratio  (k  f,  /kid) in this test 
was 2.23. 
   A similar conclusion can be derived for the Toyoura sand. If no change in the effective 
stress direction occurs, the cyclic loading amplitude necessary to intersect the failure line is AB 
shown in Fig. 26 b). The calculated seismic coefficient necessary to cause failure  (kfd) for AB 
is 0.17. But in the undrained test, the effective stress direction was up—right (in the stress dia-
gram), and the seismic coefficient necessary to cause failure  (kf„) was calculated to be 0.50. 
The seismic coefficient ratio  (kfu/kfd) for this test was calculated to be 2.94. Therefore, the 
seismic coefficient necessary to cause failure in the undrained state would be two times greater 
than that of the drained state. 
   These test results showed that, in saturated soils, it is not possible to estimate the seismic 
coefficient necessary to cause failure from the initial stress and the effective dynamic friction 
angle if no pore pressure generation is considered.
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6. Conclusion 
   (1) Cyclic loading ring shear tests were carried out using a newly developed apparatus. 
To simulate the seismic stress loading in soil element of a slope under the undrained state, the 
sample box of this apparatus was improved for undrained tests and could measure pore pres-
sure along the shear zone. This improved apparatus and the test methods adopted in this 
study can be used to assess the seismic stress level necessary to cause failure and also to predict 
the initial velocity of movement in slopes. 
   (2) The test results of pumice and  loess suggest the  following  : In slopes of pumice, when 
the seismic stress level reaches the critical stress level, a rapid landslide should occur due to ex-
tremely great pore pressure generation. Landslides in slopes that are composed of  loess can be 
triggered by a relatively small amplitude of earthquake loading as a result of the pore pressure 
build—up, but it would move with a moderate velocity. 
   (3) The effect of vertical and the horizontal forces of earthquakes in slopes was consi-
dered separately for tests procedures. For this purpose, two types of loading in which the 
cyclically loaded stress is vertical or horizontal were applied. In slope stability analysis,  hori-
zontal loading has so far been considered to be much more dangerous than vertical loading. 
However, this study suggests that, the respective seismic coefficients necessary to cause failure 
for the two types of cyclically loaded stress have no appreciable difference. This is due to the 
change in the effective stress direction in the undrained conditions. 
   (4) The difference in dynamic friction angles between these two types of loading is not 
great, almost the same in pumice and  2^-3 degrees in  loess and Toyoura sand. If the soil in a 
slope is in the drained condition, it is possible to predict the seismic coefficient that causes fai-
lure from the initial stress and the dynamic friction angle. However, if the soils are saturated 
and are in the undrained state during earthquakes, the seismic coefficient necessary to cause 
failure can be quite different from that in the drained condition. 
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Appendix 
1. Monitoring system 
   The vertical load is measured by load cell (C2), (Fig. 4). The sum of the loads on the 
rubber edge (100  kgf), the friction between the sample and the sides of the upper shear box 
and the weight of the upper part (dashed in the figure) is measured by load cell (C6). The 
difference between the values of load cell (C2) and load cell (C6) gives the correct vertical 
load on the shear plane. Shear force is transmitted through the shear zone from the rotating 
lower half of the shear box to the upper half of the shear box. The resistance acting on the 
shear plane is calculated from the measured value in the load cell (C3) retaining the upper 
half from rotation against the loaded shear stress on the shear plane. The shear torque given 
by a servo motor is monitored by a torque transducer (C7). The horizontal displacement is 
monitored by a rotary transducer (C5). The displacement at the location of  (r  1+  r2)/2 of the
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shear plane is used as shear displacement. The vertical deformation of sample was measured 
by means of a linear transducer  (Cl) monitoring the displacement of the loading plate. 
   The data concerning the normal stress (VL  1—VL 2), pore pressure, shear stress, shear re-
sistance, variation of sample height and shear displacement were stored by a personal computer 
through an  A/D converter. The rate of sampling by the personal computer was selective 
between the ranges of 1/20 Hz to 20 Hz. Simultaneously all data were monitored by a multi-
channel chart recorder to confirm that the high frequency noises did not interfere the digital 
data saved by the personal computer. 
2. Stress loading system 
   (1) Normal stress loading  system  : As shown in Fig.  A-1 a), high pressure air (10 kgf/ 
 cm  2) is supplied by a compressor. Static and cyclic normal stress are generated by an air 
piston controlled by an electric servo air valve (electric pneumatic converter) connected to a 
relay booster. An electric control signal is supplied by a personal computer to the normal 
stress servo amplifier. The electric servo air valve gives a certain air pressure corresponding to 
the control signal from the servo amplifier. Feedback signal of the monitored total normal 
stress on the potential shear surface which is given as the difference of values in two load cells 
(VL l—VL 2) is supplied to the servo amplifier. 
   (2) Shear stress loading  system  : As shown in Fig.  A-1 b), static and cyclic shear stress 
are generated by a servo motor (Q in Fig. A-2) and is controlled by a motor control—board. 
An electric control signal is supplied by a personal computer to the motor control board 
through the torque control servo amplifier. The servo motor then gives a certain torque corre-
sponding to the control signal from the computer. Feedback signal from the torque transducer 
(C7) is given to the torque control servo amplifier. 
3. Gap control system 
   Load cell (C6), (Fig. A-2) slightly deforms during rapid shearing and cyclic loading in 
proportion to the change of side friction of a sample to the upper half of the shear box, and 
the gap between the two halves will change. However, the gap between the upper ring and the 
lower ring is maintained automatically by a servo motor (N) using the feedback signal from 
the high precision gap sensor (C8) with a resolution of 0.002 mm. 
   To keep the gear of the gap control system below the load cell (C6) and the rotary joint 
(M) always in the compression position, a dead weight is supplied by an air piston (R). The 
air control system of the counter dead weight is shown in Fig.  A-1. 
4. Calculation of loaded stress and shear resistance 
   (1) Normal  stress  : The normal stress is applied to the sample from the air piston (B in 
Fig. 4) measured by load cell (C2) as VL 1. The sum of the side friction of a sample to the 
upper half of the shear box, rubber—edge force and counter dead weight is measured by load 
cell (C6) as VL 2. VL 2 is adjusted to zero value under the state without sample. Therefore, 
during the tests, the value of VL 2 is the variation of the side friction, and the difference 
between VL 1 and VL 2 gives the real normal load on the shear plane. Then
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      Fig.  A-1 Schematic diagram of the air system and the electrical normal stress servo control 
              system a), mechanical and electrical schematic diagram of the torque servo control 
              system  13).
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             Fig. A-2 Mechanical and electrical schematic diagram of the constant—gap 
                       servo control system. 
 F„=  VLi—  VL  2 
where  F„: normal load (kgf) on the shear plane. The normal stress on the shear plane  is  ; 
                              F"  a=71-(1.? — r ) +7  t  •  h 
where  a  : normal stress on the shear plane, r  t  : unit weight of the sample, h: sample height 
above the shear plane,  r1 : inner radius of the sample box,  r2  : outer radius of the sample box. 
   The maximum value of  (r  t  • h) for the dense sample was about 0.006  kgf/cm2. In com-
parison to the normal stress level used in this work  (2.0—  3.5  kgf/cm  2) this value was almost 
negligible. 
   (2) Shear  resistance  : Expressing the shear resistance due to the friction of the rubber 
edge as  r, in terms of shear stress, the shear resistance of the sample as  v and the sum of shear 
resistance due to the sample and the rubber friction as  z-  „ from Fig. A-3 a) the shear resis-
tance of a sample can be calculated as  follows  : 
                            1 F,X  R=  fr227cr , r2 dr= 27r. r,—30.23— n—271.(r3)=,3—I.?) z ,                           3.. 
where  F,: shear load monitored by the load cell (C3),  R: distance between the shear load cell 
and the axis of the sample box. Then 
                               3RF,  
                      T=r, r,.=  3  3  —Zr   27r(r2  —  1.1)
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           Fig. A-3 Schematic diagram for calculating the shear resistance and the 
                   shear stress in the cyclic loading ring shear apparatus.
   (3) Shear  stress  : From Fig. A-3 b), the relations between shear torque  (TM) monitored 
by torque transducer (C7) in Fig. 4 and the shear force  (F,) can be calculated as  follows  : 
 TM=R2XF, 
where  R2  : radius of the driving gear. 
   Expressing the sum of the shear stress applied to the sample and the rubber edge as  rT, 
the shear stress applied to the rubber edge as r  r and the shear stress applied to the sample as 
 is, then 
          12                FeX Ri==fr2 271-z-Tr2 dr--=2zrT-3(23— r1 )=-3 x(r23—  ri3)X2- 
                                   3 RIF,
 rb=TT—Tr= 
 2r(r23—  r 
where  R : distance between the axis of sample box and driving gear. 
   For each test, before sample setting, the value of the rubber—edge friction (r r) was mea-
sured. This value was subtracted from the calculated sum shear resistance  (r  i) and sum shear 
stress  (7-  7-).
